A chronic high fat diet results in hepatic mitochondrial dysfunction and induction of peroxisomal fatty acid oxidation (FAO); whether specific inhibition of peroxisomal FAO benefits mitochondrial FAO and reactive oxygen species (ROS) metabolism remains unclear. In this study a specific inhibitor for the rate-limiting enzyme involved in peroxisomal FAO, acyl-CoA oxidase-1 (ACOX1) was developed and used for the investigation of peroxisomal FAO inhibition upon mitochondrial FAO and ROS metabolism. Specific inhibition of ACOX1 by 10,12tricosadiynoic acid increased hepatic mitochondrial FAO via activation of the SIRT1-AMPK (adenosine 5-monophosphateactivated protein kinase) pathway and proliferator activator receptor ␣ and reduced hydrogen peroxide accumulation in high fat diet-fed rats, which significantly decreased hepatic lipid and ROS contents, reduced body weight gain, and decreased serum triglyceride and insulin levels. Inhibition of ACOX1 is a novel and effective approach for the treatment of high fat dietor obesity-induced metabolic diseases by improving mitochondrial lipid and ROS metabolism.
A chronic high fat diet results in hepatic mitochondrial dysfunction and induction of peroxisomal fatty acid oxidation (FAO); whether specific inhibition of peroxisomal FAO benefits mitochondrial FAO and reactive oxygen species (ROS) metabolism remains unclear. In this study a specific inhibitor for the rate-limiting enzyme involved in peroxisomal FAO, acyl-CoA oxidase-1 (ACOX1) was developed and used for the investigation of peroxisomal FAO inhibition upon mitochondrial FAO and ROS metabolism. Specific inhibition of ACOX1 by 10,12tricosadiynoic acid increased hepatic mitochondrial FAO via activation of the SIRT1-AMPK (adenosine 5-monophosphateactivated protein kinase) pathway and proliferator activator receptor ␣ and reduced hydrogen peroxide accumulation in high fat diet-fed rats, which significantly decreased hepatic lipid and ROS contents, reduced body weight gain, and decreased serum triglyceride and insulin levels. Inhibition of ACOX1 is a novel and effective approach for the treatment of high fat dietor obesity-induced metabolic diseases by improving mitochondrial lipid and ROS metabolism.
Hepatic lipid and reactive oxygen species (ROS) 2 accumulation due to hyperlipidemia and obesity are critical factors associated with the prevalence of metabolic and cardiovascular diseases (1, 2) . Decreased mitochondrial fatty acid oxidation (FAO) and increased lipogenesis are major contributors to lipid accumulation in liver and other tissues (3) . Excessive hepatic ROS generation and decreased cellular antioxidative activity lead to oxidative stress and hepatic oxidative injury (2, 4) . Agents that are able to promote mitochondrial fatty acid oxidation or have antilipogenic and antioxidative effects will improve lipid and ROS metabolism and attenuate hepatic steatosis and oxidative injury.
Peroxisomes are subcellular respiratory organelles that are critical for the metabolism of long chain and branched-chain fatty acids (5) . Peroxisomes are sensitive to external signals and are easy to proliferate under conditions of high fat diet (HFD) (6, 7) , diabetes (8) , or hypolipidemic drug treatment (9) ; peroxisomal FAO is induced, oxidation capacity is increased by 2-10fold, and peroxisomal FAO is regulated by the peroxisome proliferator activator receptor ␣ isoform (PPAR␣) (5) .
Acyl-CoA oxidase-1 (ACOX1, EC 1.3.3.6) is a flavoenzyme that catalyzes the initial and rate-determining reaction of the classical peroxisomal FAO using straight-chain fatty acyl-CoAs as the substrates, which donates electrons to molecular oxygen generating hydrogen peroxide; this byproduct is further decomposed by catalase, as shown in Fig. 1 . The classical peroxisomal FAO has been known for nearly 40 years (9), but it is still not clear about the exact role of peroxisomal FAO in cellular fatty acid metabolism and especially its effect on mitochondrial fatty acid oxidation. Several lines of evidence have shown that chronic induction of peroxisomal FAO may cause oxidative stress and is potentially detrimental to mitochondrial fatty acid metabolism.
A number of reports indicated that the hydrogen peroxidegenerating enzyme ACOX1 was inducible, whereas the hydrogen peroxide-scavenging enzyme catalase was not induced under conditions of HFD or exposure to PPAR␣ ligands, which resulted in a net increase of hydrogen peroxide in peroxisomes and accumulation of cellular ROS (9 -12) and further led to induction of the NF-B signal pathway and caused cellular oxidative injury (12) .
The acetyl-CoA derived from peroxisomal FAO may also be used for malonyl-CoA synthesis and negatively regulates mitochondrial FAO via inhibition of CPT-1A (13, 14) . Under conditions of high fat diet or obesity, induction of peroxisomal FAO generates more acetyl-CoA for the synthesis of malonyl-CoA in the cytosol, thereby inhibiting CPT-1A, the rate-limiting enzyme in mitochondrial FAO.
Peroxisomal FAO consumes NAD ϩ and generates NADH, which will then be transported to the cytosol via redox shuttles, and increases redox potential in the cytosol because, unlike mitochondria, a NAD ϩ regenerating system is absent in peroxisomes (15) (16) (17) increases the cytosolic NADH/NAD ϩ ratio, thereby inhibiting the activity of SIRT1 and its downstream targets and negatively regulating mitochondrial FAO and cellular ROS metabolism. To address the above issues, a specific ACOX1 inhibitor will be critical to illustrate the effects of ACOX1 on mitochondrial FAO and cellular ROS metabolism. Acetylenic acids were proposed to have the potential to inhibit ACOX1 according to previous reports (18, 19) . We screened from a series of acetylenic acids and obtained a highly specific ACOX1 inhibitor, 10,12-tricosadiynoic acid (TDYA) (Fig. 2) ; this acetylenic acid is a suicide substrate of ACOX1 with high affinity to the target and high selectivity in vivo.
The purpose of this study was to investigate the effects of TDYA on liver lipid and ROS metabolism in rats fed HFD. The influence of this inhibitor upon hepatic SIRT1-AMPK signal pathways as well as mitochondrial FAO was also studied.
Results
Specific Inhibition of ACOX1 by TDYA-First we tested the inhibitory activity using recombinant purified ACOX1. TDYA-CoA rapidly inhibited ACOX1 activity in a time-and concentration-dependent manner as shown in Fig. 3A . The activity of ACOX1 decreased by nearly 95% after 5 min of incubation with 10 eq of TDYA-CoA. ACOX1 activity was inhibited only if free TDYA was activated as the CoA thioester, the substrate form. Inhibition of ACOX1 by TDYA-CoA is irreversible, as we observed the activity of ACOX1 could not be restored after overnight dialysis of the ACOX1-TDYA-CoA mixture (data not shown). K I and k inact were thus used to characterize inhibition kinetics, and the kinetics parameters K I and k inact were calculated to be 680 nM and 3.18 min Ϫ1 , respectively, as shown in Fig. 3B . TDYA-CoA is a suicide substrate of ACOX1 with a low K I value; it is possible that TDYA-CoA forms a covalent bond with a key residue in the catalytic center of ACOX1 and irreversibly inhibits the enzyme.
The inhibition of ACOX1 by TDYA-CoA was also investigated using isolated rat liver peroxisomes. TDYA-CoA rapidly inhibited the activity of ACOX1 from rat liver peroxisomes in a time-dependent manner ( Fig. 3C) .
TDYA is the precursor of TDYA-CoA and was transformed into TDYA-CoA by peroxisomal very long chain acyl-CoA synthetase (VLACS) after entering into cells, and it inhibited ACOX1 in vivo. In this study TDYA-CoA was isolated and identified by LC/MS analysis in the livers of the rats treated with TDYA (data not shown).
We further tested the in vivo inhibitory activity of TDYA in rats. The results are shown in Fig. 3D ; liver ACOX1 activity decreased significantly compared with control group after treatment with TDYA. TDYA inhibited rat liver ACOX1 in a dose-dependent manner in the range of 0 -200 g/kg, and the activity decreased by 70% after treatment with TDYA at an oral dose of 160 g/kg.
Finally, the inhibitory activity of TDYA-CoA upon key enzymes involved in peroxisomal FAO besides ACOX1 were also investigated, as shown in Table 1 . TDYA-CoA showed no inhibition activity toward ACOX-2 (branched-chain ACOX), L-bifunctional protein, thiolase, enoyl-CoA isomerase, dienoyl-CoA reductase, and VLACS. Furthermore, TDYA-CoA is a thioester of very long chain fatty acid, which could not enter into mitochondria because very long chain acyl-CoA synthetase is absent in mitochondria, and both CPT1 and CPT2 show no obvious activity toward very long chain fatty acyl-CoAs (5); therefore TDYA-CoA did not affect mitochondrial fatty acid metabolism directly.
Effect of TDYA on Body Weight, Fasting Glucose, and Insulin Levels-HFD slightly increased food intake compared with normal diet group. TDYA treatment did not affect food intake compared with HFD group. Body weight gain was reduced by 20% in the HFD-fed rats treated with TDYA for 8 weeks compared with the HFD control ( Table 2 , p Ͻ 0.05), suggesting body weight loss effect of TDYA.
After 8 weeks of TDYA treatment, fasting blood glucose was slightly decreased in HFD-fed rats, whereas circulating insulin levels were significantly reduced in the TDYA-treated group compared with the HFD group ( Table 2 , p Ͻ 0.05).
Effect of TDYA on Plasma and Liver Lipid Levels-TDYA treatment significantly decreased serum triglyceride in the HFD-fed rats (by 32%, p Ͻ 0.05); serum cholesterol levels were not significantly affected after TDYA treatment, as shown in Table 2 .
HFD significantly increased both liver index and triglyceride level in rats (p Ͻ 0.01); TDYA treatment significantly decreased liver weight and triglyceride in HFD-fed rats (by 19 and 40%, respectively, p Ͻ 0.01), as shown in Table 2 and Fig. 4A . Liver sections were observed by optical microscope with analytic software, and the density of lipid droplets was calculated to be 25.7 Ϯ 6.3/1000 m 2 and 14.6 Ϯ 1.9/1000 m 2 ,respectively (p Ͻ 0.05, n ϭ 4 for each group), which indicated that the quantity of fat droplets significantly decreased in the HFDϩTDYA group compared with HFD group. Liver lipid droplets in the HFD group were mainly macrovesicular, whereas lipid deposition in the livers of HFDϩTDYA group FIGURE 1. Reaction catalyzed by acyl-CoA oxidase. In the reductive halfreaction, the substrate acyl-CoA is ␣,␤-dehydrogenated into the corresponding 2-trans-enoyl-CoA, with electrons transferred to FAD, which becomes reduced, whereas in the oxidative half-reaction reduced FAD is reoxidized by molecular oxygen, generating hydrogen peroxide. was mainly composed of microvesicular fat droplets, as shown in Fig. 4B . The diameters of the hepatic lipid droplets in the HFD-fed rats and TDYA-treated rats were measured to be 5.28 Ϯ 1.62 m and 1.71 Ϯ 0.43 m, respectively (p Ͻ 0.01, n ϭ 4 for each group).
Effect of TDYA on Liver Hydrogen Peroxide and Malondialdehyde Level-HFD increased hepatic generation of hydrogen peroxide as well as increased hepatic ROS levels compared with the normal diet group (Fig. 5, A and B , p Ͻ 0.05). Compared with the HFD control group, TDYA intake significantly lowered hepatic hydrogen peroxide (by 30%, Fig. 5A , p Ͻ 0.05) and malondialdehyde (MDA) levels (by 29%, Fig. 5B , p Ͻ 0.01), indi-cating that ACOX1 inhibitor has the potential to alleviate HFDinduced ROS formation and accumulation.
Effect of TDYA on Hepatic ACOX1 and Catalase Activity-HFD significantly increased hepatic ACOX1 activity by 35% due to induction of peroxisomal FAO; as expected, catalase activity was not changed in the HFD-fed rats compared with normal rats (Table 3 ). TDYA treatment significantly decreased ACOX1 activity and increased catalase activity in the rats fed a HFD (ACOX1 by 30%; catalase by 29%, p Ͻ 0.01). Furthermore, the catalase/ACOX1 ratio in the TDYA-treated group increased significantly compare with the HFD control group (Table 3 , p Ͻ 0.01).
Effect of TDYA on NAD ϩ /NADH Levels, the Expression Level of SIRT1, PGC-1␣, and Phosphorylation Levels of AMPK, ACC, and p70S6K-TDYA treatment increased the liver NAD ϩ / NADH ratio by 36% in the rats fed HFD compared with HFD control (Fig. 6A , p Ͻ 0.01)). Western blot analysis indicated that the expression of SIRT1 was increased in the TDYA-treated group compared with the HFD control group (p Ͻ 0.01), as shown in Fig. 6B . The phosphorylation levels of AMPK (Thr-172) and ACC (Ser-79) in the livers of TDYA-treated rats were also significantly higher than that in HFD-fed rats (by 82 and 105%, respectively; Fig. 6 , C and D, p Ͻ 0.01). These results suggested the SIRT1-AMPK pathway could be activated by inhibiting ACOX1 activity through mediating cellular redox potential. p70S6K is a downstream target of AMPK through phosphorylation by mTOR, which will mediate the insulin signal pathway by phosphorylation and inhibition of IRS-1. Our 
TABLE 1 Inhibitory activities of TDYA-CoA upon the enzymes involved in peroxisomal FAO
Purified enzymes were dissolved in 20 mM PBS buffer (pH 7.4) at a concentration of 80 nM, then 800 nM TDYA-CoA was added into the enzyme solution, the controls were added with an equal volume of distilled water. After incubation at 25°C for 30 min, residual activities for all the tested enzymes were determined. Specific activities were obtained from the mean of three repeated tests and expressed as mol/min/ mg. Ϫ, with addition of distilled water; ϩ, with addition of TDYA-CoA. Western blot analysis further showed that the phosphorylation level of p70S6K (Thr-389) in the livers of TDYA-treated rats decreased by 49% compared with the HFD group ( Fig. 6E , p Ͻ 0.01). As expected, a high fat diet decreased liver PGC-1␣ expression compared with normal group (by 28%, p Ͻ 0.05); after treatment with TDYA, liver PGC-1␣ expression was enhanced significantly (by 83%, p Ͻ 0.01), as shown in Fig. 6F . significantly increased the mRNA expression levels of CPT-1A, MCAD, L-BP, and ECI in the livers of the HFD-fed rats (by 63% for CPT-1A, 91% for MCAD, 136% for L-BP, and 123% for ECI, respectively, p Ͻ 0.01), as shown in Fig. 7 , B-E, which suggested that PPAR␣ was activated and its target genes were up-regulated by inhibition of ACOX1. Hepatic mitochondrial fatty acid oxidation was markedly increased in HFD-fed rats after treatment with TDYA (by 62%, p Ͻ 0.01, Fig. 7F ). Cytochrome c oxidase is the rate-limiting enzyme involved in mitochondrial oxidative phosphorylation, which was also increased by 34% in rats fed HFD and TDYA (Fig. 7G, p Ͻ 0.01 ).
Enzymes

Discussion
The high fat diet caused repression of mitochondrial FAO and induction of peroxisomal FAO, which led to lipid accumulation in liver. We found that treatment of TDYA markedly attenuated high fat diet-induced hyperlipidemia and hepatic steatosis. Our histological data indicated that TDYA treatment reduced fat deposits in hepatocytes. Western blot data revealed that TDYA treatment effectively activated SIRT1-AMPK pathway via decreasing cellular redox potential as reflected by an increase in NAD ϩ /NADH ratio. Furthermore, TDYA treatment alleviated HFD-induced hepatic oxidative stress. These findings supported that specific inhibition of ACOX1 could protect the liver by increasing mitochondrial FAO and reducing ROS levels to improve high fat diet-caused fatty liver and oxidative injury.
A study from the ACOX1 Ϫ/Ϫ mice model indicated that the ob/ob mice lacking ACOX1 showed sustained activation of PPAR␣ in liver and resistance to obesity with improved glucose tolerance and insulin sensitivity (20, 21) . However, these ACOX Ϫ/Ϫ ob/ob mice developed hepatocellular carcinomas due to hepatic superimposed activation of PPAR␣ and endoplasmic reticulum (ER) stress. Our animals with measured inhibition of ACOX1 are different from the knock-out model. First, inhibition of ACOX1 enhanced mitochondrial FAO by activation of the SIRT1-AMPK pathway. PPAR␣ was also activated in our study, possibly via the SIRT1-PGC-1␣ pathway, but the extent of the activation was much more gentle than that in ACOX1 Ϫ/Ϫ mice due to efficient metabolism of the endogenous ligands of PPAR␣, which increased liver FAO in a relatively mild way (ϳ2-fold induction in the target mRNA level). In ACOX Ϫ/Ϫ mice, PPAR␣ is robust and progressively activated, and its downstream targets including -oxidation system genes are strongly induced (5-10-fold induction), which resulted in excess fatty acid oxidation, ROS formation, and cell proliferation (20, 21) . Second, ACOX Ϫ/Ϫ mice showed strong ER stress, whereas in our study, ER stress is not induced, and cellular ROS level was reduced. In fact, pharmacological inhibition of ACOX1 has a potential anti-oxidative activity. Third, VLCFAs were accumulated in the liver and blood of the ACOX Ϫ/Ϫ mice due to the block of straight-chain and very long chain fatty acids metabolism, which may cause X-linked adrenoleukodystrophy and degenerative diseases, whereas in our study there were no significant changes of VLCFA levels in the liver and blood in the rats fed TDYA (data not shown), and the VLCFA can be effectively metabolized in peroxisomes because PPAR␣ is activated by inhibition of ACOX1.
In another study mice deficiency of very long chain acyl-CoA dehydrogenase (VLCAD) were protected from HFD-induced obesity and insulin resistance due to chronic activation of AMPK, which resulted in increased fatty acid oxidation and decreased hepatic lipid content (22) . Our results showed that specific inhibition of ACOX1 had a similar physiological phenotype to that of the VLCAD Ϫ/Ϫ mice. In both cases, hepatic FAO was increased and insulin resistance was improved via activation of the AMPK pathway, and PPAR␣ was mildly activated. It should be noted that both VLCAD and ACOX1 shared similar substrate preference and catalyzed the same reaction. Excessive fatty acid uptake due to HFD or obesity results in overload of mitochondrial fatty acid oxidation and induction of peroxisomal fatty acid oxidation. Several lines of evidence suggested that enhanced peroxisomal turnover of acyl-CoAs was potentially detrimental to mitochondrial FAO and caused oxidative stress; the proposed mechanism is shown in Fig. 8 .
Enhanced peroxisomal FAO leads to increased acetyl-CoA production in peroxisomes followed by increased transport of the acetyl group into the cytosol via redox shuttles, which will increase malonyl-CoA synthesis in the cytosol, thereby decreasing CPT1 activity and mitochondrial fatty acid oxidation.
Inhibition of ACOX reduces NADH generation by peroxisomal FAO, thereby decreasing the transport of the reducing equivalents from peroxisomes to the cytosol and decreasing the cytosolic NADH/NAD ϩ ratio. The decreased NADH/NAD ϩ ratio will increase the activity of SIRT1, a NAD ϩ -dependent deacetylase, resulting in activation of AMPK and inhibition of ACC via increasing the deacetylation level to LKB1 and PGC-1␣, thereby increasing mitochondrial FAO (23, 24) . SIRT1 and AMPK are known as fuel-sensing molecules, and activation of the SIRT1/AMPK pathway plays a central role in regulating hepatic fatty acid metabolism. Decreased SIRT1 activity may also reduce the deacetylation of LKB1 and inhibit this kinase, which in turn inhibits AMPK and its downstream targets (24, 25) . The activated form of AMPK is responsible for metabolic changes via phosphorylation of various downstream substrates; it promotes mitochondrial FAO through phosphorylation of ACC and mitochondrial biogenesis via increasing the transcription activity of PGC-1␣ and expression of the proteins vital for mitochondrial function such as citrate synthase and cytochrome c oxidase.
A number of physiological processes have been shown to be able to activate AMPK, including conditions that lead to increases of the intracellular AMP/ATP ratio (e.g. hypoxia, glucose deprivation) and calcium concentration as well as the action of various hormones, cytokines (26, 27) . Our results sug-gested that the SIRT1-AMPK pathway could be activated by inhibition of ACOX1, the first enzyme in peroxisomal FAO, via increasing cytosolic NAD ϩ levels and the expression of SIRT1.
Elevated substrate flux through ACOX1 due to HFD results in increased hydrogen peroxide generation in peroxisomes; however, hydrogen peroxide turnover is not elevated because the activity of catalase is not elevated accordingly, which leads to excessive hydrogen peroxide accumulation in peroxisomes and increased diffusion of hydrogen peroxide from peroxisomes to the cytosol and mitochondria, which will disturb the mitochondrial tricarboxylic acid cycle and impair respiratory chain in liver and possible heart, leading to enhanced oxidative stress and consequently activated MAPK and NF-B pathways, causing hepatic oxidative damage.
It was reported that ACOX1 overexpression in Cos-1 cells activated NF-B-regulated reporter gene in the presence of ACOX1 substrates. The antioxidants vitamin E and catalase inhibited this activation (28) . Conversely, specific inhibition of catalase resulted in peroxisome-derived oxidative imbalance, which rapidly impaired mitochondrial function and caused mitochondrial damage (29) . In another study, liver-specific catalase expression in transgenic mice inhibits NF-B activation induced by the peroxisome proliferator ciprofibrate; active oxygen plays a critical role in the induction of cell proliferation by the peroxisome proliferator and, therefore, may be important in the carcinogenicity of these agent (30) .
Our study revealed that a high fat diet led to induction of peroxisomal FAO (ACOX1) and decreased catalase activity, resulting in increased hepatic ROS levels. Inhibition of ACOX1 by TDYA significantly increased the catalase/ACOX1 ratio, thereby attenuating lipid-induced ROS accumulation in the livers of the HFD-fed rats, which may be benefit to liver against mitochondrial dysfunction and oxidative damage.
It is widely accepted that lipid and ROS are two critical factors that cause insulin resistance via activation of a series of protein kinase and inhibition of the insulin signal pathway (31, 32) . After 8 weeks of HFD feeding, liver insulin resistance was fully developed in rats due to hepatic lipid and ROS accumulation, as shown in Figs. 4 and 5, and serum insulin levels will be elevated as a compensatory mechanism; our data indicated that TDYA treatment decreased fasting blood glucose and alleviated hyperinsulinemia in HFD rats. The increased hepatic fatty acid oxidation and reduced ROS formation were proposed to be responsible for the increased insulin sensitivity in these TDYAtreated HFD rats.
Polyacetylenic acids were reported to have a broad range of biological activities, including inhibition of prostaglandin biosynthesis (33), antitumor (34), anti-HIV reverse transcriptase (35) , antifungal and antibacterial (34), and pesticidal (36) . In this study a conjugated acetylenic acid TDYA reduced liver lipids and ROS accumulation and improved insulin resistance in HFD-fed rats via specific inhibition to ACOX1. Therefore, conjugated acetylenic acids, whether in natural or synthetic sources with ACOX1 inhibition potential, may be promising compounds for the treatment of metabolic diseases such as fatty liver and hypertriglyceridemia and possibly diabetes.
In conclusion, specific inhibition of ACOX1 by 10,12-tricosadiynoic acid increased hepatic mitochondrial FAO via activa- tion of the SIRT1-AMPK pathway and PPAR␣ and reduced hepatic hydrogen peroxide formation in HFD-fed rats, which significantly decreased hepatic lipid and ROS contents, reduced body weight gain, and decreased serum triglyceride and insulin levels. Therefore, inhibition of ACOX1 will be a novel and effective approach for the treatment of HFD or obesity-induced metabolic diseases by improving mitochondrial lipid and ROS metabolism and increasing hepatic insulin sensitivity.
Experimental Procedures
Materials-10,12-Tricosadiynoic acid and palmitoyl-CoA were purchased from Sigma, coenzyme A sodium salt was purchased from USB (Cleveland, OH). Standard rodent diet and high fat diet containing 58% of calories as fat were purchased from Shanghai Slac Laboratory Animal Co. Ltd (Shanghai, China). All the chemical reagents used were of analytical grade or better.
Animals-Male Wistar rats weighing 200 -220 g were obtained from Shanghai Slac Laboratory Animal Co. Ltd. Use of the rats was approved by the Hunan University of Science and Technology Animal Care Committee.
Preparation of TDYA-CoA and 3-Indolepropionyl-CoA-Preparation of TDYA-CoA and 3-indolepropionyl-CoA was performed according to the methods as described previously (37) . Crude TDYA-CoA and 3-indolepropionyl-CoA after the coupling reactions were further isolated by reversed phase high performance liquid chromatography (RP-HPLC) followed by freeze-drying to remove solvent to obtain the powder of TDYA-CoA and 3-indolepropionyl-CoA; the purity of the purified TDYA-CoA and 3-indolepropionyl-CoA was Ͼ90%.
Isolation of Mitochondria and Peroxisomes Fraction from Liver Homogenate-Isolation of liver mitochondria and peroxisome fractions by differential centrifugation in 0.25 M sucrose was performed as described by de Duve et al. (38) .
In Vitro Inhibition-Recombinant rat liver ACOX1 was expressed in Escherichia coli and purified by affinity chromatography with purity Ͼ95% according to Zeng and Li (39) . Purified ACOX1 was dissolved in 20 mM PBS buffer (pH 7.4) at a concentration of 80 nM, then varied concentrations of TDYA-CoA were added into the enzyme solution, and equal volumes of distilled water were added as the control group. After incubation at 25°C for different times, residual activities for all the groups were determined. ACOX1 activity was assayed by measuring absorbance change at 263 nm with a Shimadzu UV-1800 UV-visible spectrophotometer (40) . The reaction mixture contained 50 mM PBS buffer (pH 7.4), 30 M palmitoyl-CoA, and 80 nM ACOX1 with a total volume of 500 l. The inactivation kinetic parameters K I and k inact were used to characterize the inhibition kinetics according to previous report (37) .
In Vivo Inhibition-After fasting for 12 h, male Wistar rats weighing 220 -250 g were divided into a control group and inhibitor groups, 6 rats for each group. For the control group, olive oil was treated by intragastric administration at 0.2 ml/rat, and for the inhibitor groups, TDYA was dissolved in olive oil and then administered at a dose of 20 -160 g/kg. Five hours later, all the rats were sacrificed, and livers were removed rapidly and stored in liquid nitrogen immediately. Then liver ACOX1 activity for each sample was assayed.
Tissue ACOX1 Activity Assay-The ACOX1 activity in tissue extract was measured directly by following the increase in absorbance at 367 nm due to the formation of reaction products trans-3-indoleacryloyl-CoA (⑀ 367 nm ϭ 26.5 mM Ϫ1 cm Ϫ1 ) from the substrate 3-indolepropionyl-CoA (40) . The enzyme was routinely assayed in a 500-l reaction volume on a Shimadzu UV-1800 UVvisible spectrophotometer containing 50 mM phosphate buffer (pH 7.4), 200 g of isolated peroxisomes, 30 mol/liter FAD (Sigma), and 0.02% Triton X-100. The reaction was started by adding 50 M 3-indolepropionyl-CoA into the reaction mixture.
Animal Experiment-24 male Wistar rats with body weights of 210 -230 g were divided into 3 groups, namely normal a control group, a HFD control group, and a HFDϩTDYA group, 8 rats for each group. A normal diet group (ND) was fed a regular diet (12% fat by calories), and the HFD groups were fed a high fat diet (58% fat by calories). For ND and HFD control groups, the rats were treated with 0.2 ml/rat olive oil by gavage; for the HFDϩTDYA group, the rats were administered TDYA at a dose of 100 g/kg after dissolving it in appropriate volume of olive oil. The rats were treated once per day and continued treating for 8 weeks. Body weights were measured every 2 weeks. On day 57, fasting blood glucose was measured via a glucometer from tail vein after 6 h of fasting (6 a.m.-12 p.m.). Then all the rats were bled from the eyes for preparation of serum, and then stored in a Ϫ80°C freezer. All the rats were then killed, and livers were removed and weighed, then stored in a Ϫ80°C freezer.
Hepatic TG Analysis-0.5 g of liver sample was homogenate in 0.9% NaCl, then 1 ml of homogenate was mixed with 3 ml of chloroform/methanol (2:1, v/v). The chloroform layer was collected and concentrated. After mixing with 10% Triton X-100 in isopropyl alcohol, the sample was assayed by using Wako Triglyceride E-Test kit (Wako Pure Chemical).
Histological Analysis-Liver tissues of the killed rats were cut quickly from a definite part of right lobe of the livers, and immediately fixed with 4% paraformaldehyde for 24 h. Then the paraffin sections were prepared and cut into 5-7-m-thick sections and stained by hematoxylin-eosin (HE), hepatic steatosis was observed by optical microscope, and 4 samples were used for each group to observe the lipid droplets in liver tissues.
Quantitative Real Time PCR-Cells were harvested, and total RNA was extracted with TRIzol reagent (Invitrogen). Quantitative real-time PCR was performed in a 7500 Fast Real-time PCR System (Applied Biosystems), and SYBR Green was used as the fluorescent dye. Real time PCR was performed in triplicate with 10-fold diluted first-strand cDNAs in a final volume of 20 l containing 2ϫSYBR Green Supermix (Applied Biosystems) and 200 nM or 400 nM of both primers. Results were normalized to the housekeeping gene 18S rRNA to determine the target gene expression. The following primers were used: PGC-1␣, 5Ј-CAGCAAAAGCCACAAAGACG-3Ј (forward (F)) and 5Ј-AGTTCCAGAGAGTTCCACAC-3Ј (reverse (R)); CPT-1A, 5Ј-GAGAAGGGAGGACAGAGACT-3Ј (F) and 5Ј-GCTCAGACAATACCTCCTTC-3Ј (R); MCAD, 5Ј-AAAC-CATCTCTCAAGCAGGA-3Ј (F) and 5Ј-ATTTTTATA-CTTTTCAATGTGCTC-3Ј(R); L-BP, 5Ј-AAATACAGA-GATACCAGAAGCCG-3Ј (F) and 5Ј-AAGAATCCCCAG-TGTGACTTC-3Ј(R); ECI, 5Ј-GACTACAGGATAATGG-CGGAC-3Ј (F) and 5Ј-AAGCGTCCCCAGTTGAAG-3Ј(R); 18S rRNA, 5Ј-GTTATGGTCTTTGGTCGC-3Ј (F) and 5Ј-CGTCTGCCCTATCAACTTTC-3Ј (R). PCR reaction mixture was denatured at 95°C for 10 min before the first PCR cycle. The Thermal Cycling program was 1) denaturation for 15 s at 95°C, 2) annealing for 30 s at 60°C, and 3) extension for 30 s at 72°C. A total of 40 PCR cycles was used. Data were collected at the DNA extension step. Relative expression of mRNA levels was calculated using the comparative ⌬C T method.
Western Blot Analysis-Liver tissue was homogenized in radioimmune precipitation assay buffer containing the protease inhibitor mixture and phosphatase inhibitor (PhosSTOP) (Roche Applied Science). The homogenate was further mixed with buffer containing 50 mM Tris-HCl, 2% SDS, and 2% ␤-mercaptoethanol and boiled for 5 min. 50 g of sample was applied to 10% SDS-polyacrylamide gel electrophoresis and then transferred to a PVDF membrane (Millipore, Bedford, MA). After blocking with 5% BSA at room temperature for 2 h, the membrane was incubated with anti-SIRT1, anti-AMPK␣, anti-phosphorylated AMPK␣ (Thr-172), anti-phosphorylated ACC (Ser-79), anti-p70S6K, anti-phosphorylated p70S6K (Thr-389) (Cell Signaling, Danvers, MA), and ␤-actin (Sigma) monoclonal antibodies at 4°C overnight followed by reactions with horseradish peroxidase-conjugated antibody for 3 h at room temperature. The detected bands were quantified by an image analyzer (Bio-Rad), and ␤-actin was used as the internal control. The blots were quantified by densitometric analysis, and the results were normalized to ␤-actin and given as arbitrary units.
NAD ϩ /NADH Assay-Liver NAD ϩ /NADH ratio was measured using a NAD ϩ /NADH quantitation kit (Sigma) according to the manufacturer's instruction.
Biochemical Analysis-Protein concentration was determined with Bio-Rad DC protein assay kit. Serum triglyceride and total cholesterol were measured using commercial assay kits (Wako Pure Chemical). Serum non-esterified fatty acid (NEFA) was measured by a NEFA assay kit (Nanjing Jiancheng Biotech., Nanjing, China). Serum insulin was measured by Insulin Elisa kit (Millipore). Hepatic hydrogen peroxide levels were measured by a hydrogen peroxide testing kit (Beyotime Biotech., Haimen, China). Hepatic lipoperoxide level was tested using a MDA testing kit (Nanjing Jiancheng Biotech.). Hepatic catalase was assayed by a colormetric method using a catalase testing kit (Nanjing Jiancheng Biotech.). Mitochondrial FAO rate was determined in intact isolated mitochondria from the 14 C-labeled acid-soluble metabolites in a sealed system using [1-14 C]palmitate (GE Healthcare) as the substrate according to the method described previously (22) .
Statistical Analysis-Data are presented as the means Ϯ S.E. The significance of the differences in mean values was evaluated using Student's test by SPSS 18.0. p Ͻ 0.05 was considered statistically significant.
